This study was undertaken to estimate the combining ability in turnip rape through diallel analysis involving five diverse genotypes. A 5 x 5 full diallel crosses study, including the reciprocals, with turnip rape (Brassica rapa L.) was performed to determine both the magnitude of gene action and heterotic performance of the crosses for seed yield and important yield components. Field experiments were conducted at Uludag University, Bursa, Turkey, during the 2008-2009 and 2009-2010 growing seasons. All 20 F 1 hybrids and their parents were sown in a randomized complete block design with 3 replicates. During both years, the mean squares of the general combining ability (GCA), specific combining ability (SCA) and reciprocal combining ability (RCA) were statistically significant for all traits evaluated. The parent Malvira was a good general combiner because this parent had the highest significant positive GCA effects for all the characteristics evaluated. In addition, Lenox proved to be a good general combiner for plant height. The significant positive mid-parent and high-parent heterosis values were obtained with several crosses in important yield components. In conclusion, the parents used in this study exhibited positive GCA effects for seed yield. Therefore they could be considered as promising parents in the production of F 1 hybrids and in further breeding studies.
INTRODUCTION
Brassica rapa is an obligate out-crossing, selfincompatible crop with high genetic diversity within cultivars (Zhao et al., 2005) . Among the different breeding methods suggested for the improvement of Brassica populations, full-sib selection makes direct use of both combining ability and heterosis (Lambeth et al., 2001) . Dar et al. (2011) hypothesized that for the improvement of brown sarson (Brassica rapa syn. Brassica campestris), breeding methods such as inter-varietal hybridization and inter-specific hybridization may broaden the genetic base either by creating variability or introgressing desirable genes from wild species. In addition, the same authors emphasized that the choice of parents is an important step in the hybridization program to create variation for the selection of useful recombinants.
A number of studies on heterosis and combining ability have been performed for yield and certain agronomic traits in Brassica species. Falk et al. (1994) observed that heterosis for seed yield was greatest in crosses between genetically diverse cultivars but seed oil content was not heterotic in turnip rape. Dar et al. (2011) reported that both the GCA and SCA were highly significant for different traits in turnip rape. In the previous studies, a significant GCA and SCA effects were generally reported for the number of pods per main raceme, pods per plant, number of seeds per pod, 1000 seed weight and seed yield in Brassica species (Singh and Murty, 1980; Thakur and Sagwal, 1997; Sabaghnia et al., 2010; Verma, 2000; Vaghela et al., 2011) . Significant mid-parent and high-parent heterosis for seed yield and certain yield components in Brassica rapa and other Brassica species have been also reported by several researchers (Sernyk and Stefansson, 1983; Brandle and Mc Vetty, 1989; Leon, 1991; Tyagi et al., 2000; Sincik et al., 2011) .
Combining ability and hybrid vigor are the most important genetic parameters for breeding improved cultivars. The variances of general combining ability (GCA) and specific combining ability (SCA) are related to the type of gene action involved. The variance for GCA includes the additive portion of the total variance, whereas that for SCA includes the non-additive portion of the total variance, arising largely from dominance and epistatic deviations (Malik et al., 2004) . Information on the relative importance of the additive (GCA) and non-additive (SCA) gene actions within a breeding population is significant because it is used to determine which breeding procedure will efficiently improve the performance of the characters of interest (Dudley and Moll, 1969) . Most previous studies on combining abilities have shown significant GCA and SCA effects for yield and its component characters. These results indicate that both additive and non-additive gene action are important in the inheritance of these traits (Rameah et al., 2003; Akbar et al., 2008; Huang et al., 2010) Turnip rape (Brassica rapa L.) is an important edible oilseed crop, green fodder and a potential source of biodiesel production in Turkey (Bilgili et al., 2003; Sincik et al., 2007) . The objectives of this study were to estimate the effects of GCA and SCA and to evaluate the magnitude of mid-parent and high-parent heterosis for both seed yield and yield components of F 1 progeny in a diallel cross in turnip rape.
MATERIALS AND METHODS
Five standard open pollinated turnip rape varieties, Buko (PR 1 ), Hanko (PR 2 ), Lenox (PR 3 ), Malvira (PR 4 ), and Polybra (PR 5 ) which were selected on the basis of high seed yield potential and related agronomic characters were used in this study. The genetic material used in the experiment consisted of F 1 hybrid seed resulting from 5 x 5 diallel crosses among these five varieties, including selfs and reciprocals. Hybrid seed was produced by emasculation and hand pollination of immature buds. Averages of 20 plants from each parent variety were used for crossing.
The field experiments were conducted in Bursa (latitude 40° 22ʹ N, longitude 29° 12 ' E, altitude 155 m). Bursa is located in the southern Marmara region with Mediterranean type climate. It has an average annual rainfall of 713 mm and a mean monthly temperature of 14.4 °C. The soil on the site is classified as Vertisol typic habloxrert. A soil analysis indicated that the soil was clay loam, slightly alkaline (pH = 7.3), rich in potassium (933 kg ha -1 ), medium in phosphorus (70 kg ha -1 ) and containing 1.2% organic matter.
The field experiments were arranged in a randomized complete block design with three replications. Twenty F 1 populations from a 5 x 5 diallel cross, along with their parents, were sown in October 16, 2008 and October 20, 2009 . Each plot consisted of four rows, 5 m in length, with 45 cm between rows and 3 cm within rows spacings. A 50 kg ha -1 N-P-K each as a composed fertilizer was applied before seeding and 100 kg ha -1 N as urea was applied in the early spring. Weeds were controlled by hand pulling and hoeing. The field experiments were harvested with a small-plot combine in 19 June 2009 and 25 June 2010 at maturity.
The following agronomic traits were recorded from the same 10 randomly selected plants of the central rows of each plot just prior to harvest: plant height, number of pods per main raceme, and number of seeds per pod. After harvest, the seed yield and 1000-seed weight was determined for each plot.
Analysis of variance was performed according to Steel and Torrie (1980) . The analysis of diallels for combining ability was performed using mean values, following Model I Method II of Griffing's method (1956) . The t-test was applied to examine the effects of GCA, SCA and RCA. All statistical analyses were performed using MSTAT-C (Version 2.1, Michigan State University 1991) and MINITAB (Version 15, University of Texas, Austin) software Significant differences between hybrids and parents were detected using the F-test. Mid-parent and high-parent heterosis values were estimated in relation to mid-parent and high-parent. These were calculated as increase or decrease of F 1 's over mid-parent and highparent, respectively (Dar et al., 2011) .
RESULTS
The analysis of variance of the combining ability showed that the mean squares of the GCA, SCA and RCA were statistically significant for all the characteristics evaluated ( Table 1 ). The analysis of variance revealed that significant genotype effect for all the characters. This provides evidence of presence of sufficient genetic variability among parents and crosses. 10 s: non significant; *: significant at p=0.05 probability level; **: significant at p=0.01 probability level ; Means in the same column followed by the same letter were not significantly different at the 0.05 level in the Least Significant Difference (LSD) test.
The estimates of the GCA effects for the parents indicated that Malvira (PR 4 ) was a good general combiner for all the characteristics evaluated (Table 3 ). This parent also gave higher mean values for the most of the characteristics measured compared to the other parents. Lenox (PR 3 ) was a good general combiner for plant height only. In addition, it exhibited the highest significant positive GCA effect and higher average values for the number of pods per main raceme, the number of seeds per pod and the 1000 seed weight in 2009 but not 2010. Therefore, Lenox (PR 3 ) was not considered to be a stable and good general combiner for these characteristics. In contrast, Polybra (PR 5 ) displayed higher mean values and significant positive GCA effects for 1000 seed weight both years, indicating Polybra (PR 5 ) was determined to be a good general combiner for this trait (Table 2 and 3) .
None of the crosses showed stability over the years for plant height. The cross PR 3 x PR 4 and the reciprocal cross PR 4 x PR 3 had higher plant heights and significant positive SCA and RCA effects and were the best general combiners for plant height. Among the crosses, significant positive combining ability effects for the number of pods per main raceme were obtained from PR 3 x PR 4 and PR 5 x PR 3 in 2009 and from the PR 2 x PR 5 , PR 3 x PR 5 , PR 4 x PR 3 and PR 5 x PR 1 in 2010. Differences between the years for combining ability effects of the crosses were due to significant genotype x year interactions for the number of pods per main raceme. Several crosses and reciprocals showed positive significant SCA effects for the number of seeds per pod in both years. The parents PR 3 , PR 4 and PR 5 of these crosses were good general combiners. For the 1000 seed weight, the PR 4 x PR 5 and the reciprocal cross PR 4 x PR 2 produced significant positive combining ability effects, whereas the reciprocal cross PR 3 x PR 2 showed non-significant RCA effects during both experimental years. The cross PR 4 x PR 5 with a significant positive SCA effect had the best parents as good general combiners for the 1000 seed weight. The significant positive combining ability actions (RCA effects) were obtained from the reciprocal crosses PR 4 x PR 1 , PR 4 x PR 3, PR 5 x PR 1 and PR 5 x PR 4 for two years. These crosses were promising cross combinations for the seed yield (Table 3 ). There are maternal effects for observed characters because of significant RCA variances. non significant; *: significant at p=0.05 probability level; **: significant at p=0.01 probability level ; Means in the same column followed by the same letter were not significantly different at the 0.05 level in the Least Significant Difference (LSD) test.
In this study, the best cross combinations involved the parents of high x high, low x average, high x low, average x low and high x average GCA effects for the seed yield and important yield components (Table 4 ). In general, the crosses that showed significant SCA effects for the seed yield had a combination of high x high (PR 1 x PR 4 ), low x average (PR 2 x PR 5 ), high x low (PR 4 x PR 2 ), high x average (PR 4 x PR 5 ) and average x low (PR 4 x PR 2 ) GCA effects. 0.10** 0.10** High x Low ns: non significant; *: significant at p=0.05 probability level; **: significant at p=0.01 probability level
Heterotic estimates of the cross combinations for seed yield are given in Table 5 . All of the crosses and reciprocals yielded more seed yield than mean of their two parents (mid-parent heterosis) in both years. In 2009, eight crosses and nine reciprocals yielded more seed yield than the higher yielded parents (high-parent heterosis). In 2010, all of the crosses and reciprocals showed statistically significant high-parent heterosis. 
DISCUSSION
Mean squares of the GCA, SCA and RCA were highly significant for all traits measured. Both the additive and non-additive gene effects for all traits resulted in significant GCA and SCA variances. Our results were consistent with the findings of Rahman et al. (2011) who identified the importance of both additive and dominance components for the inheritance of all traits in B. rapa. The additive gene action was important for the plant height, the number of pods per main raceme, the number of seeds per pod and the seed yield in 2009. It can be concluded that for the characteristics with additive gene action, breeding methods based on recurrent selection will be efficient, whereas for the other traits with non-additive gene effects, hybridization based methods should be used. Ofori and Becker (2008) reported that the selection of parental combinations with high SCA to produce synthetic cultivars could rapidly improve the biomass yield of B. rapa. The involvement of non-additive gene effects for seed yield and some yield components in Brassica species were previously reported (Singh and Murty, 1980; Rameah et al., 2003; Yadav et al., 2005; Teklewold and Becker, 2005) .
Parents with significant GCA effects from additive gene effects for the traits observed are considered good combiners in the combining ability studies. The GCA effect is controlled by fixable additive gene effects, and the cross involving parents with high GCAs provide better transgressive segregants in later generations (Falconer 1989) . Therefore, the selection of parents based on GCA would affect the breeding program (Dar et al., 2011) . In the present study, the GCA effects for all the characteristics evaluated were highly significant for the majority of parents. As a result, the parent Malvira (PR 4 ) had significant positive GCA effects for all the observed traits and can therefore be considered a promising parent producing F 1 hybrids. Lenox (PR 3 ) was also a good general combiner for plant height. Our results were consistent with Akbar et al. (2008 ), Chapi et al. (2008 , Aghao (2010) and Azizinia (2011) who found that promising parents were good general combiners for the traits evaluated in Brassica species. Ofori and Becker (2008) reported that the importance of the SCA suggests that identifying the best combinations among parents is an efficient method of increasing the biomass yield. In this study, the SCA and RCA effects were highly significant for all traits in both years. The SCA effects in this study were consistent with Sabaghnia et al. (2010) who observed significant positive SCA effects in the crosses for all observed traits. Significant SCA mean square values for the seed yield and the other characteristics indicated that the crosses PR 2 x PR 5 and PR 4 x PR 5 and the reciprocal crosses PR 2 x PR 1 and PR 3 x PR 2 were promising cross combinations because of their mean values and significant positive SCA and RCA effects. Significant SCA effects for yield and yield components of Brassica species were identified by previous researchers (Pandey et al., 1999; Verma, 2000; Nassimi et al., 2006; Marjanovic et al., 2007) .
The majority of crosses with significant positive SCA effects for the yield and yield components had combinations of high x high, low x average, high x low, average x low and high x average GCA effects. This may be due the presence of genetic diversity in the form of dispersed genes for these characters (Dar et al., 2011) .
Mid-parent and high-parent heterosis values are important genetic parameters in plant breeding programs. In the present study, all of the cross combinations generally showed significant heterotic values over the mid-parent for seed yield in 2009 and 2010. Over two years, mid-parent heterosis values ranged from 3.82% and 42.94% for the seed yield. In close agreement with our results, Schuler et al. (1992) reported that the maximum significant positive relative heterosis value in crosses of turnip rape was 18% for the seed yield. Similarly, Dar et al. (2011) reported that the highest significant positive heterotic values over the mid-parent and high-parent in turnip rape were 79.1% and 58.8% for the seed yield, respectively.
In conclusion, the parents used in this study exhibited positive GCA effects for seed yield. Therefore they could be considered as promising parents in the production of F 1 hybrids and in further breeding studies. Particularly, the crosses PR 2 x PR 5 and PR 4 x PR 5 were identified as best combinations for high seed yield due to their higher SCA values. The levels heterosis reported in this study suggests that inter-cultivar turnip hybrids can be used to develop high yielding varieties.
